1. Introduction {#s0005}
===============

Methionine sulfoxide reductases (Msrs) are antioxidant repair proteins that convert methionine sulfoxide to methionine. In the last decade, oxidation of distinct methionine residues has emerged as a posttranslational modification that alters protein function [@bib1], [@bib2], [@bib3], [@bib4]. Examples include oxidization of distinct methionines in calmodulin [@bib5], calcineurin [@bib6], the Ca^2+^/calmodulin-dependent kinase II (CaMKII) [@bib3] and voltage-gated potassium channels [@bib7], [@bib8]. On the other hand, oxidation of intracellular methionines on a "global" cellular level has been proposed to serve as a sink for excess reactive oxygen species (ROS) [@bib9]. However, the impact of oxidized methionine residues that do not directly affect protein activity on cellular physiology has been difficult to ascertain.

Many studies to dissect the implication of methionine oxidation have used models of defective methionine sulfoxide repair, in particular, genetic models that are lacking Msrs. The S-enantiomer of methionine sulfoxide is reduced by one enzyme, methionine sulfoxide reductase A (MsrA), whereas several MsrBs reduce R-enantiomers [@bib10]. MsrA deletion has been linked to decreased life span, although initial findings could not be reproduced in later studies and the mechanistic insight remained incomplete [@bib11], [@bib12], [@bib13]. Several studies have described increased cell death in disease states related to oxidative stress and coined the concept that MsrA is a major antioxidant defense protein [@bib14], [@bib15]. Accordingly, the expression of antioxidant proteins via the Nrf2-antioxidant response element (ARE)-signaling pathway is upregulated when MsrA is missing [@bib15], [@bib16], [@bib17]. Moreover, low activity of MsrA has been associated with formation of protein aggregates in Parkinson\'s and Alzheimer\'s disease as well as inclusion body myositis [@bib18], [@bib19], [@bib20], [@bib21], but the implications of these protein aggregates on repair and cell death pathways in MsrA deletion models has remained unstudied. In models of neurodegenerative diseases and proteinopathies of the liver, misfolded or unrepaired defective proteins colocalize with p62, also called sequestosome 1 (SQSTM1), a ubiquitin-binding scaffold protein [@bib22], [@bib23]. p62 delivers ubiquitinated proteins to the proteasome for degradation or targets them for autophagy.

Autophagy is a cellular process by which damaged proteins, distinct protein targets, organelles, and bacteria are degraded [@bib24]. Recently, the crosstalk between autophagy and antioxidant response has been dissected: the antioxidant transcription factor Nrf2 is constantly ubiquitinated by the Cullin3--Keap1 ubiquitin E3 ligase complex and rapidly degraded in proteasomes [@bib25]. Upon exposure to electrophilic and oxidative stresses, reactive cysteine residues of Keap1 become modified, leading to a decline in the E3 ligase activity, stabilization of Nrf2 and robust induction of a battery of cytoprotective antioxidant genes [@bib26]. In addition to this canonical pathway, p62/SQSTM1 competitively binds to Keap1. Consequently, sequestering Keap1 via increased binding to p62 derepresses and activates Nrf2 [@bib27], [@bib28].

Thus, increased autophagy and activation of Nrf2-mediated transcriptional activity are mechanistically linked when p62-containing protein aggregates are abundant. Interestingly, in a model of Lamin A/C congenital muscular dystrophy, p62 protein complex formation and ARE transcription occur even in the absence of oxidative stress [@bib29]. These findings support that Nrf2 can be activated by a mechanism that does not require oxidative or electrophilic stress in states where protein degradation is defective or pathologically abundant. These findings prompted us to hypothesize that MsrA deficiency may upregulate the accumulation of p62-containing protein aggregates, augment autophagy and Nrf2-dependent ARE gene transcription under baseline conditions when oxidative stress levels are not elevated. Our previous work focused on MsrA and its effect in the response to mechanical vascular injury, with a particular emphasis on smooth muscle cell proliferation and migration [@bib30]. Here, we investigated whether MsrA deletion affects smooth muscle survival and repair processes at baseline.

2. Methods {#s0010}
==========

2.1. Mice {#s0015}
---------

This study was carried out in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. The protocol was approved by the Institutional Animal Care and Use Committee of the University of Iowa (IACUC\# 1111234/4101189). Age-matched male and female MsrA-/- mice [@bib31] were supplied by the MMRRC-Mutant Mouse Resource & Research Centers supported by the National Institute of Health and back-crossed for more than 5 generations in C57BL/6J background. MsrA^-/-^ and,wild-type littermates (MsrA+/+, referred to as WT) at 10- to 12-weeks of age were used for cell isolation. Genotyping was done by PCR using MsrA and Neo primers (see [Supplemental Table 1](#s0180){ref-type="sec"}).

Nrf2-/- mice (C57BL/6 background, \#017009, Jackson Laboratory) were crossbred with MsrA-/- mice to generate double knockout Nrf2-/- x MsrA-/- mice. Genotyping was performed as recommended by Jackson Laboratory.

2.2. Cell culture {#s0020}
-----------------

Mouse aortic smooth muscle cells were isolated from 2 to 3 10--12-week old male and female mice per isolation by enzymatic dispersion as previously described [@bib30]. Briefly, the adventitia was removed by incubating with elastase (0.74 U/ml) and collagenase (1 mg/ml) in HBSS (\#14175--095, Gibco) and peeled away from the medial layers of the aorta. The aorta was cut and the endothelial layer was scraped away. The remaining medial layer was digested in collagenase (1.36 mg/ml) in complete media (described below) for 1 h. Cells were cultured in high glucose (4.5 g/L) DMEM (\#11965--092, Gibco) supplemented with 10% fetal bovine serum (FBS), 100 U/ml penicillin, 100 µg/ml streptomycin, 8 mM HEPES, 1× MEM vitamins, and 1% non-essential amino acids at 37 °C in a humidified 95% air and 5% CO~2~ incubator. Mouse VSMC at passages 3--10 were used for experiments, with passage number for MsrA+/+ and MsrA-/- VSMCs matched with each experiment.

2.3. Transfection/infection {#s0025}
---------------------------

For adenoviral transduction, VSMC (1 × 10^6^) were plated in a 100 mm dish and grown to 40% confluency. VSMC were transduced with Ad5 LC3-GFP adenovirus (kindly provided by Dr. E. Dale Abel, University of Iowa) at an MOI of 100. Media was changed 8--16 h after initial transduction. VSMC were grown 72 h post transduction prior to imaging. To some samples, bafilomycin A1 (50 nM, \#S1413, SellectChem) was added at 48 h after transduction for additional 24 h.

For transfections, VSMC were transfected using Lipofectamine RNAi MAX transfection reagent (\#13778030, ThermoFisher Scientific) by following the protocol for Lipofectamine 3000 (\#L3000001, ThermoFisher Scientific). The ARE TATA-Inr luciferase reporter plasmid (pARE-Luc) [@bib26], a gift from Dr. Francis Miller (Duke University), contained the 41-bp ARE sequence from the mouse glutathione S-transferase Ya subunit gene cloned behind a minimal TATA-Inr promoter in pGL2-basic (Promega). The Renilla luciferase expression plasmid, pRL-TK, contained the herpes simplex virus thymidine kinase promoter region upstream of the Renilla luciferase cDNA (Promega).

2.4. Quantitative RT-PCR (qRT-PCR) {#s0030}
----------------------------------

Total RNA was isolated from VSMC per the manufacturer\'s recommendations (\#74104, Qiagen) followed by digestion with DNase I to eliminate genomic DNA contamination. cDNA was transcribed from 75 ng RNA using Superscript III enzyme (\#18080051, Invitrogen) and random hexomer primers. Message expression was quantified using Power SYBR Green master mix (\#4367218, Applied Biosciences) on an iQ Lightcycler (BioRad) with 1 µL of 10 µM forward and reverse primers. Primer sequences are listed in [Supplemental Table 1](#s0180){ref-type="sec"}. All samples were run in triplicate and were normalized to acidic ribosomal phosphoprotein (ARP) mRNA. Results were quantitated using the comparative cycle threshold (ΔΔCt) method [@bib32].

2.5. Cell lysis and nuclear/cytoplasmic fractionation {#s0035}
-----------------------------------------------------

For total cell lysates, VSMC were washed with ice-cold PBS, then lysed in ice-cold lysis buffer (20 mM Tris/HCl pH 8, 137 mM NaCl, 1% NP-40, 2 mM EDTA) supplemented with protease and phosphatase-inhibitor cocktail, sonicated on ice and centrifuged at 4 °C for 5 min at 16,000*×*g. Protein concentrations were determined by modified Lowry assay (Bio-Rad DC protein assay).

Nuclear and cytoplasmic fractionation was performed following the manufacturer\'s protocol for NE-PER (\#78835, ThermoFisher Scientific). Briefly, cells were grown on a 100 mm dish to 70% confluency. Cells were trypsinized and pelleted at 500*×*g for 5 min. Next, 100 µL CER I was added per 10 µL cell pellate. The cells were then vortexed at maximum speed for 15 s and incubated on ice for 10 min. For every 100 µL of CER I, 5.5 µL CER II was added and cells were vortexed and incubated on ice for 1 min. The lysate was centrifuged at 16,000*×*g for 5 min. The supernatant (cytoplasmic fraction) was transferred to a clean tube and frozen at −80 °C. The pellate was then resuspended in 50 µL of NER for every 100 µL of CER I that was added. The nuclei were washed in PBS and centrifuged at 16,000*×*g for 5 min, followed by vortexing at maximum speed for 15 s every 10 min for a total of 40 min. The lysate was centrifuged at 16,000*×*g for 5 min and the supernatant (nuclear fraction) was transferred to a clean tube and stored at −80 °C. Samples were analyzed by immunoblotting as described above.

2.6. Immunoblotting {#s0040}
-------------------

Protein lysates (20--40 µg) were separated by electrophoresis on a 4--20% SDS polyacrylamide gel and transferred to a polyvinylidene difluoride membrane. After blocking with 5--10% BSA, membranes were incubated with primary antibodies for 1 h at room temperature or overnight at 4 °C. The following primary antibodies were used in this study: anti-dinitrophenol (\#S7150, as part of the OxyBlot Protein Oxidation Detection Kit, EMD Millipore, 1:150), anti-SQSTM1/p62 (\#7695, Cell Signaling, 1:500), anti-Nrf2 (\#D1Z9C, Cell Signaling, 1:1000), anti-Keap1 (\#ab150654, Abcam, 1:1000), anti-TOPO II β (\#ab125297, Abcam, 1:1000), anti-LC3 (\#D50G8, Cell Signaling, 1:1000), anti-ubiquitin (\#sc-8017, Santa Cruz, 1:250), anti-GCLC (\#PA5--44189, Invitrogen, 1:1000), anti-glutathione reductase (\#ab16801, Abcam, 1:1000), anti-Bcl2 (\#sc-7382 Santa Cruz, 1:1000), anti-GAPDH (\#5174, Cell Signaling, 1:2,000), and anti-actin (\#sc-1616, Santa Cruz, 1:500). The blots were then incubated with a horseradish peroxidase-conjugated secondary antibody (1:10,000) and developed using a chemiluminescence detection system (Santa Cruz Biotechnology or LiCor Premium substrate). Band intensity was determined by densitometry with NIH Image J software (v1.48h3) using mean gray value minus background.

In some experiments, cells were treated with bafilomycin A1 (50 nM, \#S1413, SellectChem) at 37 °C prior to lysis.

2.7. Immunoprecipitation {#s0045}
------------------------

For immunoprecipitation, 200 µg of protein lysate was immunoprecipitated overnight at 4 °C with 2 µg of anti-Keap1 or anti-Nrf2 antibody in the presence of 20 µL Dynabeads (\#58095, Invitrogen). Beads with protein bound were washed with PBS. Bound protein was eluded by incubating beads in 15 µL 2× Laemmli Sample Buffer (350001052, Bio-Rad) at 98 °C for 5 min, followed by analysis by immunoblotting as described above. In some experiments, WT cells were treated with the proteasome inhibitor MG132 (25 μM, \#474790, Calbiochem) at 37 °C for 2 h.

2.8. Luciferase assay {#s0050}
---------------------

In WT and MsrA-/- VSMC, luciferase activity was measured using the Promega Luciferase assay system (\#E1501, Promega) per the manufacturer\'s recommendations. Briefly, VSMC plated on a 100 mm plate at 50--70% confluency were washed in HBSS and harvested in 900 µL 1× lysis buffer. Cells were vortexed at high speed for 15 s and centrifuged at 12000 *×* g for 2 min at 4 °C. Cell lysate (20 µL) was added to 100 µL of luciferase assay reagent, vortexed briefly and placed into the luminometer. Luminescence was measured using Femptomaster FB 12 luminometer (Zylux Corporation) every 10 s for 60 s. The relative light units over the 60-second period were averaged and normalized to total protein levels as determined by DC assay (\#5000111, Bio-Rad).

2.9. ROS measurements {#s0055}
---------------------

### 2.9.1. CellROX assay {#s0060}

To assess intracellular pro-oxidants such as superoxide, hydrogen peroxide, and hydroxyl radicals, VSMC were plated at 30% confluency on a chamber slide and allowed to attach overnight. Cells were treated with 5 µM CellROX Deep Red reagent (diluted in DMSO) for 30 min at 37 °C (\#C10422, ThermoFisher). The stained cells were washed with PBS and fixed in 4% PFA for 15 min. The fixed cells were then imaged on an LSM 510 confocal microscope (Carl Zeiss).

### 2.9.2. L012 assay {#s0065}

Additionally, we measured the oxidation of L012, a surrogate marker of intracellular superoxide levels. VSMC at 50--75% confluency in a 100 mm dish were trypsinized, pelleted and washed with PBS. Immediately before the assay, cells were resuspended in 500 µL lysis buffer. Lysate (100 µL, approximately 20 µg) was mixed with 100 µL of 1 mM NADPH and 795 µL 1× PBS. Next, 5 µL of 20 mM L012 was added to the mixture and the sample was analyzed using a luminometer as described above.

### 2.9.3. Dihydroethidium (DHE) fluorescence {#s0070}

Moreover, we assessed the oxidation of DHE, another a surrogate marker of intracellular superoxide. For this purpose, stock solutions of DHE (20 nM) were made using 25 mg DHE (D1168, Invitrogen) dissolved in 3.95 ml DMSO and aliquoted under Argon vapor. DHE working solution was made using 8 µL DHE stock solution in 20 ml of PBS; solution was protected from light. Slides were incubated for 15 min at room temperature in DHE working solution and protected from light. Following incubation, slides were quickly rinsed and cover slipped with PBS. The sections were then imaged on an LSM 510 confocal microscope (Carl Zeiss).

### 2.9.4. Carbonylation assay (OxyBlot) {#s0075}

Carbonylated proteins were determined using the OxyBlot protein oxidation detection kit (\#S7150, EMD Millipore) per the manufacturer\'s instructions. Briefly, 20 µg of protein lysate was reacted with 10 µL 1× DNPH or derivatization control (negative control) in 5% SDS for 15 min. To stop the reaction, 7.5 µL of neutralization solution was added. The samples were then separated by SDS-PAGE and analyzed by immunoblotting as described above.

2.10. Immunofluorescence {#s0080}
------------------------

VSMC (1000 cells) were plated on an 8-well chamber slide and allowed to attach overnight. Cells were washed with HBSS and fixed in 4% PFA for 15 min, followed by permeabilization with 0.1% Triton X-100 in cold PBS for 5 min. After blocking cells in PBS containing 5% FBS and 0.3% Triton X-100 for 60 min, cells were incubated with anti-SQSTM1/p62 (1:150) overnight at 4 °C, followed by incubation with Alexa Fluor 488-conjugated secondary antibody (\#A-11034, ThermoFisher, 1:500) for 1.5 h at room temperature. Nuclei were stained with TOPRO III (\#T3605, Invitrogen, 1:2000). Cells were imaged on an LSM 510 confocal microscope (Carl Zeiss). In some experiments, cells were treated with bafilomycin A1 (\#S1413, SellectChem, 50 nM) as indicated at 37 °C prior to fixation.

Paraffin sections were mounted with VectaShield mounting media (VectaShield). Sections were blocked in 5% milk and egg substitution. Sections were probed with Mouse anti-actin (Santa Cruz, \#sc-32251, 1:500) for 45 min at RT, and Rabbit anti-SQSTM1/p62 (D10E10) (\#7695, Cell Signaling, 1:100) overnight at 4 °C. Sections were incubated with secondary antibodies goat anti-mouse IgG-biotinylated (\#BMK-2202, Vector Labs, 1:500) for 10 min, Goat anti-rabbit IgG, F(ab\')2 fragment-Alexa Fluor 488 conjugated (\#A11070, Life Technologies, 1:500) overnight at 4 °C, and Streptavidin-Alexa Fluor 568 conjugated (\#S11226, Life Technologies, 1:500) for 1 h at RT. Nuclei were stained with TOPRO III (\#T3605, Invitrogen, 1:2000) for 5 min at RT. Images were acquired with a Zeiss 710 Confocal Microscope at 100× magnification. All images for a given experiment were acquired with the same imaging settings.

2.11. GSH/GSSG measurements {#s0085}
---------------------------

Total GSH and GSSG content were determined on samples prepared in 5% 5-sulfosalicylic acid as described previously [@bib33]. Glutathione disulfide (GSSG) was determined by adding a 1:1 mixture of 2-vinylpyridine and ethanol to the samples and incubating for 2 h before assaying as described previously [@bib34]. In this recycling assay, the rates of the reaction were compared with similarly prepared GSH and GSSG standard curves. Both determinations were normalized to the protein content of the insoluble pellet from the 5-sulfosalicylic acid treatment, dissolved in 0.1 N NaOH with 1% SDS, using the BCA Protein Assay Kit (Thermo Scientific).

2.12. Glutathione reductase (GR) and GST activity assays {#s0090}
--------------------------------------------------------

GR activity was measured using a protocol that was adapted from a previously described assay [@bib35] The following solutions were mixed, Reagent A: 100 mM potassium phosphate buffer / 3.4 mM EDTA (PB/EDTA) pH 7.6, Reagent B: 30 mM oxidized glutathione substrate solution (GSSG), Reagent C: 0.8 mM NADPH (β-NADPH), Reagent D: 1% bovine serum albumin (BSA). The absorbance was measure (A~340 nm~) until constant (approximately 5 min). Samples were added to cuvet and A~340 nm~ was measured for 3 min. The ΔA~340 nm~ /minute were obtained using the maximum linear rate for blank and sample. Activity was calculated as follows.$${Units}/{ml\ enzyme} = \frac{(\Delta{A340nm}/{min\ Test} - \Delta{A340nm}/{min\ Blank}) \times 3 \times df}{6.22 \times 0.1}$$

GST activity was measured as previously described [@bib36]: The following was mixed in a cuvette, 900 µL 100 mM Phosphate buffer with 1 mM Diethylenetriamine penta-acetic acid (DETAPAC) (Sigma \#D-6518), 40 µL 25 mM 1-Chloro-2,4-dinitrobenzene (CDNB) (Sigma \#C-6396, 27 µL GSH 93.7 μM (Sigma \#G-4251)), and 33 µL sample. The A~340 nm~ was measured for 2.5 min.$${GSTactivity}\left( {{mmols}/\min} \right) = \left( {\Delta A_{340nm}/\min} \right)\left( 0.003 \right)(1000\mu{moles})$$

2.13. Apoptosis assays {#s0095}
----------------------

### 2.13.1. TUNEL staining {#s0100}

Terminal deoxynucleotidyl transferase dUTP-mediated nick-end labeling (TUNEL) staining was performed with the InSitu Cell Death Detection Kit, TMR Red Kit as recommended by the manufacturer (12156792910, Roche). Nuclei were counterstained with TOPRO III (\#T3605, Invitrogen). Cells were imaged on an LSM 510 confocal microscope (Carl Zeiss). TUNEL positive cells were counted using NIH Image J software and calculated as the percentage of TUNEL-positive cells relative to the total number of cells.

### 2.13.2. Annexin V {#s0105}

VSMC were trypsinized and incubated with 100 µL MUSE Annexin V Dead Cell Kit (\#MCH100105, Millipore) for 20 min at room temperature in the dark. Cells were then run on the MUSE flow cytometer.

2.14. Statistical analysis {#s0110}
--------------------------

Data are shown as mean ± SE. Statistical significance of multiple treatments was determined using GraphPad Prism Software Version 7 by Student\'s t-test or ANOVA. A probability value ≤ 0.05 was considered significant.

3. Results {#s0115}
==========

3.1. p62-positive inclusion bodies are increased with MsrA deletion {#s0120}
-------------------------------------------------------------------

To extend findings from other models of protein aggregation disease [@bib22], [@bib23], we first determined whether VSMC with constitutive MsrA deletion contain increased levels of p62-positive protein aggregates. First, total protein levels of p62 were significantly increased in cultured MsrA-/- VSMC compared to cells isolated from WT littermates ([Fig. 1](#f0005){ref-type="fig"}A, B). Similarly, p62 protein levels were elevated in lysates from in carotid arteries ([Fig. 1](#f0005){ref-type="fig"}C, D). As predicted, immunofluorescent staining of cultured VSMC and carotid artery sections revealed an increase in the p62-positive aggregates ([Fig. 1](#f0005){ref-type="fig"}E-G). Addition of bafilomycin, an autophagy inhibitor that prevents degradation of protein aggregates, led to an increase in p62-positive inclusion bodies in both WT and MsrA-/- VSMC, suggesting that formation of p62 aggregates is a dynamic process ([Fig. 1](#f0005){ref-type="fig"}E). To assess whether the increase in p62 protein is due to increased transcription, we performed quantitative real time PCR and detected no significant difference in p62 mRNA levels ([Fig. 1](#f0005){ref-type="fig"}H).Fig. 1**p62 is elevated in MsrA-deficient VSMC and arteries.** (A, B) Representative immunoblot (A) and summary data (B) for p62 in whole cell lysates of VSMC isolated from MsrA-/- and WT mice. Data were normalized to GAPDH loading control and expressed relative to p62 levels in WT VSMC (n = 9 biological replicates). (C, D) Representative immunoblot (C) and summary data (D) for p62 in whole cell lysates of carotid arteries isolated from MsrA-/- and WT mice (n = 10 biological replicates). E) Representative immunofluorescent images of p62 (green) and nuclei (TOPRO, blue) in VSMC from MsrA-/- and WT mice with or without treatment with bafilomycin a1 (Baf) for 24 h. Scale bars 20 µm. (F) Quantification of p62 aggregates from (E). Arbitrary aggregate score was calculated as the mean GFP fluorescence intensity per cell in at least 5 images per biological replicate (1--5 cells/image; n = 5 biological replicates). (G) Representative immunofluorescent images of p62 (green), smooth muscle actin (red) and nuclei (TOPRO, blue) in carotid artery sections from MsrA-/- and WT mice. 100 × , scale bar 10 µm. NC denotes negative control without primary antibody, p62 inset with p62 (green) only. Arrows denote p62 aggregates. (H) mRNA expression of p62 in VSMC from MsrA-/- and WT mice by qRT-PCR; data were normalized to ARP and expressed relative to p62 in WT VSMC (n = 5 biological replicates). \* p \< 0.05 versus WT by two-tailed t-test. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)Fig. 1

3.2. Autophagy is upregulated in MsrA-/- VSMC {#s0125}
---------------------------------------------

Since high levels of p62 are often associated with impaired autophagic flux, we next tested the autophagy activity in MsrA-/- VSMC. At baseline, we detected an increase in LC3-II, the active form of LC3 that is necessary for formation of the autophagosome, in MsrA-/- VSMC compared to WT ([Fig. 2](#f0010){ref-type="fig"}A, B). To determine if the autophagic flux is preserved, cells were incubated with bafilomycin, an inhibitor of the late phase of autophagy that prevents maturation of autophagic vacuoles by inhibiting the fusion between autophagosomes and lysosomes. Upon treatment of WT VSMC with bafilomycin, we detected a strong increase in active LC3-II ([Fig. 2](#f0010){ref-type="fig"}A, B). In MsrA-/- cells, LC3-II was also increased after administration of bafilomycin compared to baseline, suggesting that autophagic flux is preserved. Moreover, protein levels of p62 were elevated in MsrA-/- VSMC at baseline and 24 h after bafilomycin treatment ([Fig. 2](#f0010){ref-type="fig"}C, D).Fig. 2**Autophagy is increased in MsrA-/- VSMC.** (A) Immunoblot of autophagy marker LC3 in MsrA-/- and WT VSMC with or without bafilomycin a1 (Baf) for indicated times. Upper band represents full-length LC3-I and lower band active, cleaved LC3-II. Positive control for autophagy: treatment with serum-free media (SF) for 2 h. (B) Quantification of LC3-II in MsrA-/- and WT VSMC relative to LC3-II in WT VSMC at 0 h; data were normalized to GAPDH (n = 4--5 biological replicates). \* p \< 0.05 versus WT by 2-way ANOVA. (C) Immunoblots for p62 and GAPDH in in MsrA-/- and WT VSMC with or without bafilomycin a1 (Baf) for 24 h. (D) Data in (C) were normalized to GAPDH and expressed relative to p62 in WT VSMC at 0 h. n = 8 biological replicates \* p \< 0.05 versus WT at untreated and \# p \< 0.05 vs MsrA-/- untreated by 1-way ANOVA. (E) MsrA-/- and WT VSMC were transduced with an adenovirus expressing LC3-GFP for 72 h. To some samples, bafilomycin was added for 24 h. Nuclei: blue (TOPRO). Scale bars 20 µm. (F) GFP puncta were quantified per cell, adjusted for cell area and expressed per 1000 µm^2^. n = 5 biological replicates. \* p \< 0.05 versus WT untreated \# p \< 0.05 vs MsrA-/- untreated by 1-way ANOVA.Fig. 2

To substantiate that autophagy is indeed active in MsrA-/- conditions, we transduced WT and MsrA-/- VSMC with a GFP-LC3 adenovirus and assessed the formation of punctate LC3, which indicates autophagosomal localization [@bib37]. As shown in [Fig. 2](#f0010){ref-type="fig"}E, F, there was a 7-fold increase in fluorescent puncta in VSMC with MsrA deletion, and this was strongly augmented by bafilomycin treatment in MsrA-/- VSMC. These data indicate that autophagy is induced in MsrA-/- even in the absence of an additional stimulus that activates protein degradation or turnover.

3.3. The association of p62 and Keap1 is increased with MsrA deletion {#s0130}
---------------------------------------------------------------------

To establish the effect of MsrA on Nrf2 activation via the alternative pathway whereby p62 competes with Nrf2 for Keap1 binding [@bib27], we first immunoprecipitated Keap1 and probed for p62. In MsrA-/- VSMC, we detected an increased association between the p62 and Keap1 ([Fig. 3](#f0015){ref-type="fig"}A, B). These results predict that Nrf2 is released from its inhibition by Keap1 when MsrA is deleted. To test this hypothesis, we immunoprecipitated Nrf2 and detected reduced association of Keap1 with Nrf2 under MsrA-/- conditions ([Fig. 3](#f0015){ref-type="fig"}C, D). Thus, we anticipated increased nuclear localization of Nrf2 and antioxidant response elements (ARE)-dependent transcriptional activity in MsrA-/- VSMC. More Nrf2 protein was detected in the nucleus of MsrA-/- VSMC as compared to WT by immunoblot ([Fig. 3](#f0015){ref-type="fig"}E, F). Additionally, Nrf2 protein was increased in cytosolic fractions ([Fig. 3](#f0015){ref-type="fig"}E, G). Lastly, we detected significantly increased Nrf2 transcriptional activity using an ARE-dependent luciferase reporter ([Fig. 3](#f0015){ref-type="fig"}H).Fig. 3**MsrA deletion abrogates the interaction of Nrf2 with Keap1, resulting in Nrf2 nuclear localization and transcriptional activity**. (A, B) Representative immunoblots (A) and quantitation (B) of the interaction of Keap1 with p62 in MsrA-/- and WT VSMC. Immunoprecipitation for Keap1, immunoblots for p62 and Keap1. n = 6 biological replicates. (C, D) Representative immunoblots (C) and quantitation (D) of the interaction of Keap1 with Nrf2. Immunoprecipitation for Nrf2, immunoblots for Keap1 and Nrf2. n = 4 biological replicates. (E-G) Representative immunoblot (E) and summary data for Nrf2 localization in nuclear (F) and cytoplasmic fractions (G) of MsrA-/- and WT VSMC. TOPO IIβ: nuclear marker; GAPDH: cytoplasmic marker. n = 7 biological replicates. (H) Nrf2-dependent transcriptional activity as determined by quantification of ARE-dependent luciferase activity in MsrA-/- and WT VSMC expressing ARE-luciferase reporter. n = 6 biological replicates. \* p \< 0.05 versus WT by two-tailed t-test.Fig. 3

3.4. Increased Nrf2 protein levels in MsrA-/- VSMC are mediated by decreased ubiquitination {#s0135}
-------------------------------------------------------------------------------------------

To provide mechanistic insight into the increase in Nrf2 protein levels, we performed confirmatory immunoblots in whole cell lysates and determined the mRNA expression levels in WT and MsrA-/- VSMC. Whereas the total Nrf2 protein levels were consistently increased under MsrA deficiency ([Fig. 4](#f0020){ref-type="fig"}A, B), no difference in Nrf2 mRNA levels was seen in passage-matched samples ([Fig. 4](#f0020){ref-type="fig"}C). These data suggest that the strong increase in Nrf2 protein is due to changes in protein turnover. Nrf2 is targeted for degradation after Keap1-mediated ubiquitination. Since the association of Nrf2 with Keap1 is reduced with MsrA deletion, we tested the ubiquitination of Nrf2 and detected decreased ubiquitination in MsrA-/- compared to WT VSMC ([Fig. 4](#f0020){ref-type="fig"}D, E).Fig. 4**Elevated Nrf2 protein expression under MsrA deficiency is due to protein stabilization rather than increased transcription.** (A, B) Representative immunoblot (A) and quantification (B) for Nrf2 protein levels in whole cell lysates from MsrA-/- and WT VSMC; n = 3 biological replicates. (C) Nrf2 mRNA levels in VSMC by qRT-PCR; n = 5 biological replicates. (D) Representative immunoprecipitation of Nrf2 followed by immunoblot for ubiquitin in MsrA-/- and WT VSMC. IgG: IP with IgG, WT + MC132: IP with anti-Nrf2 in WT VSMC incubated with MG132, WCL: whole cell lysate of WT VSMC as controls. (E) Quantification of (D); n = 7 biological replicates. (F) p62 mRNA levels by qRT-PCR in aortic samples WT, MsrA-/- and MsrA-/- x Nrf2-/- mice; n = 7, 9 biological replicates. (G) Representative Immunoblots for Nrf2 and GAPDH in aortic samples from WT, MsrA-/- and MsrA-/- x Nrf2-/- mice. (H) Quantification of (G) n = 7 biological replicates. (E) \* p \< 0.05 versus WT by two-tailed t-test, H) p \< 0.05 versus WT by 1-way ANOVA.Fig. 4

p62 has been proposed as a transcriptional target of Nrf2 [@bib38]. Since our data demonstrate that MsrA deficiency results in increased p62 expression and Nrf2-dependent transcription, we examined the impact of dual MsrA and Nrf2 knockout on p62 expression. First, mRNA levels of p62 were similar in MsrA-/- aorta with or without Nrf2 deletion ([Fig. 4](#f0020){ref-type="fig"}F). These data suggest that the increase in p62 under MsrA deficiency is not explained by elevated Nrf2-dependent transcription. Accordingly, p62 protein levels were not significantly different in MsrA-/- x Nrf2-/- aortic samples as compared to MsrA-/- samples ([Fig. 4](#f0020){ref-type="fig"}G).

3.5. Glutathione synthesis is increased in MsrA-/- VSMC {#s0140}
-------------------------------------------------------

Nrf2 drives the ARE-dependent transcription of many antioxidant genes [@bib39], [@bib40], [@bib41]. An increase in ARE-dependent gene transcription has been described with acute MsrA knockdown [@bib17]. While previous data reported on increases in heme oxidase 1, a detailed understanding of the MsrA-driven ARE response is missing. Here, we concentrated on glutathione synthesis and recovery since it represents a major cellular antioxidant pathway that affects the cellular redox state. Transcription of glutamate-cysteine ligase (GCLC), the first enzyme in the glutathione synthesis pathway, and glutathione reductase (GR) is dependent on Nrf2. Accordingly, the mRNA and protein levels of GCLC and GR were significantly increased in MsrA-/- VSMC as compared to WT ([Fig. 5](#f0025){ref-type="fig"}A-E). Moreover, the activity of GR was increased ([Fig. 5](#f0025){ref-type="fig"}F). As a result, the intracellular concentration of reduced glutathione (GSH) was increased in MsrA-/- VSMC ([Fig. 5](#f0025){ref-type="fig"}G), whereas the concentrations of oxidized glutathione (GSSG) were not different between genotypes ([Fig. 5](#f0025){ref-type="fig"}H). The resultant ratio of GSH/GSSG was higher in MsrA-/- VSMC ([Fig. 5](#f0025){ref-type="fig"}I). Lastly, the activity of glutathione transferase was increased ([Fig. 5](#f0025){ref-type="fig"}J). Collectively, these data illustrate that in MsrA-/- VSMC, the glutathione-driven antioxidant response is elevated.Fig. 5**Expression and activity of Nrf2-regulated genes are elevated under MsrA deletion.** (A, B) GCLC (A) and GR (B) mRNA levels in MsrA-/- and WT VSMC by qRT-PCR, normalized to ARP; n = 3 biological replicates. (C-E) Representative immunoblot (C) and summary data for GCLC (D) and GR (E) protein levels in whole cell lysates from MsrA-/- and WT VSMC. Data were normalized to GAPDH; n = 6--7 biological replicates. (F) GR activity, normalized to total protein concentration; n = 4 biological replicates. (G, H) Levels of reduced glutathione (GSH, G) and oxidized glutathione (GSSG, H), normalized to total protein; n = 4 biological replicates. (I) Ratio of reduced/oxidized glutathione. (J) Glutathione transferase (GST) activity, normalized to total protein; n = 7 biological replicates. \* p \< 0.05 versus WT by two-tailed t-test.Fig. 5

3.6. Reactive oxygen species production is not increased with constitutive MsrA deletion {#s0145}
----------------------------------------------------------------------------------------

MsrA deletion impairs the response to pro-oxidant stress. In studies of NIH3T3 mouse fibroblasts and rat VSMC, acute MsrA knockdown increased ROS production and Nrf2 activity [@bib17]. To establish how constitutive MsrA deletion affects oxidative status, we determined acute changes in intracellular oxidation with CellRox and L-012 in cultured VSMC. However, no increase in oxidation of these probes occurred ([Fig. 6](#f0030){ref-type="fig"}A-C). We then measured DHE oxidation in carotid arteries of WT and MsrA-/- mice. The intensity of DHE staining was comparable in the two genotypes ([Fig. 6](#f0030){ref-type="fig"}D, E). Lastly, we determined the level of carbonylated proteins in MsrA-/- VSMC and tissue samples from MsrA-/- mice. Again, no difference in protein carbonylation was detected in VSMC or arterial samples ([Fig. 6](#f0030){ref-type="fig"}F-H). However, in accordance to published data, protein carbonylation was increased in kidney lysates from MsrA-/- mice as compared to WT ([Fig. 6](#f0030){ref-type="fig"}G, H). These data demonstrate that constitutive deletion of MsrA does not appear to lead to increases in steady-state levels of ROS, although ARE-dependent gene transcription is induced.Fig. 6**MsrA deletion does not increase oxidative stress in vascular smooth muscle cells or aorta.** (A, B) Representative images (A) and quantification (B) of Cell ROX fluorescence (red) in MsrA-/- and WT VSMC. Nuclei: blue (TOPRO). Data were quantified as the fold-change relative to WT; n = 4 biological replicates. Scale bars 20 µm. (C) Superoxide levels in MsrA-/- and WT VSMC by L-012. Data were normalized to total protein; n = 4 biological replicates\* p \< 0.05 versus WT by two-tailed t-test. (D, E) Representative images (D) and summary data (E) of DHE staining (red) in aortic sections from MsrA-/- and WT mice; n = 11 biological replicates. Scale bars 50 µm. (F, G) Representative immunoblots (F) and summary data (G) for oxidized proteins in the indicated tissues from MsrA-/- and WT mice. Oxidized proteins were normalized to GAPDH (loading control); n = 4 biological replicates. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)Fig. 6

3.7. Apoptosis is diminished in MsrA-/- VSMC {#s0150}
--------------------------------------------

Autophagy and apoptosis both control the turnover of organelles and proteins within cells. Whereas low levels of cellular stress are believed to elicit autophagy, increased stress conditions induce apoptosis. Since autophagy generally blocks the induction of apoptosis, we postulated that apoptosis would be decreased in MsrA-/- VSMC since we detected increased autophagy in [Fig. 2](#f0010){ref-type="fig"}. Accordingly, Annexin-V immunofluorescence and TUNEL labeling were decreased in MsrA-/- VSMC ([Fig. 7](#f0035){ref-type="fig"}A-D). Moreover, we detected higher protein levels of the anti-apoptotic protein BCl-2 ([Fig. 7](#f0035){ref-type="fig"}E, F). However, the addition of 100 μM H~2~O~2~ for 60 min readily induced abundant apoptosis in MsrA-/- but not WT VSMC ([Fig. 7](#f0035){ref-type="fig"}G), substantiating previous findings that MsrA deficiency increases the sensitivity to stress-induced apoptosis [@bib42].Fig. 7**Apoptosis is decreased at baseline in MsrA-deficient vascular smooth muscle cells. (**A, B) Representative dot plot (A) and summary data (B) of Annexin V by flow cytometry in MsrA-/- and WT VSMC. Data were quantified as the number of Annexin V positive cells relative to the total number of cells; n = 7--9 biological replicates. (C, D) Representative images (C) and summary data (D) TUNEL staining (red) in MsrA-/- and WT VSMC. Nuclei: blue (TOPRO); n = 5 biological replicates. Scale bars 50 µm. (E, F) Representative immunoblot (E) and summary data (F) for Bcl-2 expression in whole cell lysates from MsrA-/- and WT VSMC. Data were normalized to GAPDH; n = 6--7 biological replicates. (G) Oxidative stress-induced apoptosis by Annexin V staining (green) in MsrA-/- and WT VSMC treated with the indicated concentrations of H~2~O~2~ for 60 min (H) Summary data for G. n = 7--12 replicates. Nuclei: red (TOPRO). (B, D, F) \* p \< 0.05 versus WT by two-tailed t-test. (H) \# p \< 0.05 versus WT by multiple t-tests, one per row. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)Fig. 7

4. Discussion {#s0155}
=============

Here, we demonstrate abundant p62-containing aggregates in cultured, dedifferentiated VSMC in vitro and in arterial MsrA-/- VSMC in vivo. Concomitantly, autophagic activity in VSMC was increased. The association of p62 and Keap1 was higher in MsrA-/- versus WT VSMC. As a result, the protein levels and transcriptional activity of Nrf2 were enhanced, resulting in enhanced transcription of ARE-mediated detoxifying genes. MsrA deletion did not appear to affect hydroxyl radical and superoxide anion production. The upregulation of p62 was not altered when Nrf2 was deleted in MsrA-/- samples, suggesting that p62 complex formation under these conditions is independent of the antioxidant response. These data demonstrate that MsrA deletion in the absence of any additional stress stimuli affects cellular homeostasis via accumulation of protein aggregates, increased autophagy and antioxidant response. In the absence of increased oxidative stress, it is unlikely that Keap1 is degraded as a result of cysteine oxidation, the canonical step by which Keap1 releases Nrf2 repression and degradation. We propose that the abundant p62 competes for Keap1. Our findings thereby link two observations that have been made in studies of MsrA biology; impaired protein degradation with formation of intracellular protein inclusion bodies and the induction of Nrf2-dependent transcription.

Repair of oxidized methionine by Msrs has been a target of increased interest in the last decade. As the reduction of methionine sulfoxide is an evolutionarily well-conserved mechanism, Msrs and their orthologs have been investigated in a wide range of organisms spanning from yeast [@bib43] and bacteria [@bib44], to drosophila [@bib11], C. elegans [@bib45] and mice [@bib31]. However, progress towards dissecting Msr function has been hampered by the absence of straightforward systematic methods to identify Msr protein substrates [@bib46], [@bib47], [@bib48]. Therefore, Msrs have been investigated in mammalian models of diseases that are driven by high oxidative stress, such as asthma, neurodegenerative diseases and various forms of cardiovascular disease [@bib18], [@bib30], [@bib49], [@bib50], [@bib51], [@bib52], [@bib53]. Methionine oxidation also occurs with environmental stress, for example diesel exhaust particles. A recent study demonstrated that diesel exhaust particles activate MsrA-driven protein repair and activate autophagy and proteasomal protein degradation [@bib54]. Our study contributes to the understanding of Msr biology under baseline conditions [@bib55] when oxidative stress is not excessive by dissecting how the loss of reduction of methionine sulfoxide affects protein repair mechanisms and intersects with antioxidant signaling. As such, we posit that our observed effects of MsrA deficiency on autophagy and antioxidant signaling represent baseline shifts in cellular homeostasis, which when superimposed with excess oxidative stress, are responsible for the various pathologies that have been linked with Msr deficiency. In fact, several prior studies detected effects of MsrA deficiency at baseline without further characterizing the mechanism [@bib12], [@bib52], [@bib56]. We believe that our findings may also be helpful in interpreting the various genome-wide association studies that have identified Msrs as targets in a range of diseases from obesity and cardiovascular disease to deafness and schizophrenia [@bib57], [@bib58], [@bib59], [@bib60].

Modulation of autophagy has emerged as a target for cardiovascular therapy [@bib61]. In models of balloon angioplasty, autophagy is believed to contribute to VSMC dedifferentiation immediately after injury, which would stimulate the formation of neoatherosclerosis [@bib62]. However, defective autophagy also accelerates senescence and promotes ligation-induced neointima formation [@bib63]. A similarly contradictory picture has emerged in atherosclerosis, where autophagy is protective and contributes to plaque stability by degrading damaged intracellular materials in VSMC, [@bib64] similar to our findings in the absence of a disease model. On the other hand, excessive stimulation of autophagy results in autophagic death of VSMC during atherogenesis [@bib65]. Therefore, autophagy formation has different implications under different conditions. Whereas the methods used to alter autophagy in various target cells may be a novel pathway for the therapy of vascular diseases, the findings of this study cannot readily be translated to a particular disease phenotype or treatment strategy.

We and others have detected increased NFκB activity in MsrA-/- mice [@bib66], [@bib67]; however, the mechanism by which NFκB is activated is not entirely understood. One explanation could be decreased IκK degradation by impaired Keap1-dependent ubiquitination [@bib68]. Potential insight also comes from studies reporting that p62 association with TRAF6 enhances the activation of IκK by TRAF6 [@bib69], [@bib70], [@bib71], [@bib72]. Our findings of increased p62 protein levels with MsrA deletion in this study point towards a potential mechanism, in which TRAF6 binding to p62 and subsequent IκK activation may be enhanced. Such experimental evidence for this potential pathway would create a new paradigm in which p62, through competitive binding to transcriptional regulators like Keap1 and TRAF6, mediates transcriptional pathways under MsrA deficiency.

5. Summary {#s0160}
==========

Here, we demonstrate that lack of MsrA promotes formation of p62-containing protein aggregates and autophagy. The enhanced association of Keap-1 with the p62 derepresses Nrf2 by reducing its degradation. As a consequence, Nrf2 protein levels, its nuclear localization and ARE-dependent gene transcription are increased in the absence of enhanced oxidative stress. These findings demonstrate that reduction of intracellular methionine sulfoxide is necessary for cellular homeostasis and survival.
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